Introduction
Rho guanosine triphosphatases (GTPases) are small signaling G proteins ubiquitously expressed across phyla where they act to regulate actin dynamics and other fundamental biological processes including cell growth, motility and adhesion, cytokinesis, lipid metabolism, membrane trafficking and transcription (reviewed in (BUSTELO et al. 2007) ). Phylogenetically, Rho genes constitute their own family within the Ras superfamily of GTPases. There are 22 Rho GTPases in mammals with Rho, Rac1 and Cdc42 being the most studied, 11 in Drosophila melanogaster, 6 in Caenorhabditis elegans and 5 in yeast (reviewed in (JAFFE and HALL 2005; LUNDQUIST 2006) ). Rho GTPases act as molecular switches cycling between an active, GTP-bound state and an inactive, GDP-bound state. As such, they are endowed by three major types of ancillary proteins: guanine nucleotide exchange factors (GEFs) that activate the GTPase by catalyzing exchange of GDP for GTP; GTPase activating proteins (GAPs) that switch the GTPase off by facilitating its intrinsic GTP hydrolysis and guanine nucleotide dissociation inhibitors (GDIs) , that act as anchors and block spontaneous activation (reviewed in (SCHMIDT and HALL 2002) ). Thus, a complex array of upstream regulatory proteins and downstream effector proteins, converge around relatively few handyman proteins, the GTPases, to control a number of cellular activities. The organization of this network is such, that signaling specificity and spatio-temporal control are not under the command of the GTPases, but are rather delegated to the GEFs. Accordingly, there are approximately 6 GEFs in yeast, 18 in C. elegans, 23 in Drosophila and 60 in Homo sapiens that endow GTPases of the Rho family (SCHMIDT and HALL 2002) . These GEFs form the Dbl family, a name that originates from the catalytic Dbl homology (DH) domain present in these proteins. Despite the fact that DH domains share little sequence homology to each other, crystallographic and NMR evidence reveals highly conserved DH three-dimensional structure (JAFFE and HALL 2005) . Generally, the DH domain is coupled to the Pleckstrin homology (PH) domain, which is invariably located next to it. Since PH domains are known to bind to phosphorylated phosphoinositides it is assumed that the PH domain has a role in targeting GEFs to their intracellular locations. The PH domain also appears to increase catalytic efficiency even though is not absolutely required for catalysis of nucleotide exchange. In most cases the DH-PH tandem is sufficient for catalytic function but typically GEFs exhibit additional structural domains in their primary sequences (JAFFE and HALL 2005) .
The multifaceted nature of Rho signaling argues that the GTPases and their associated genes may play a role in the aging process. In fact, there is growing evidence that the actin cytoskeleton may be a regulator of aging (GOURLAY and AYSCOUGH 2005b) , but whether Rho signaling is involved in this process remains an open question. In this study we shed light on the issue by reporting the first example of a GEF that confers aging susceptibility to C. elegans neurons. This gene, christened oxidative stress susceptible GEF1 or OSG-1 appears to be specifically recruited in conditions of oxidative stress, a key aspect of aging. The protein promotes loss of neuronal function by acting to dysregulate Rho signaling which presumably affects actin dynamics.
Methods and Materials

Buffers and Chemicals
M9 buffer: 22 mM KH 2 PO 4 , 22 mM NaH 2 PO 4 , 85 mM NaCl, 1 mM MgSO 4 NMG plates: 17 g/l agar, 3 g/l NaCl, 2.5 g/l bacto peptone, 1 mM CaCl 2 , 1 mM MgSO 4 , 5 mg/l cholesterol, 25 mM potassium phosphate buffer (132 mM K 2 HPO 4 , 868 mM KH 2 PO 4 ). DNA extraction buffer: 50 mM KCl, 10 mM Tris-HCl pH 8.3, 2.5 mM MgCl 2 , 0.45% NP-40, 0.45% Tween-20, 0.01% gelatin, 0.2 mg/ml Proteinase K.
All chemicals were purchased from Sigma Aldrich (St. Louis MO) if not otherwise stated.
Molecular biology
To create Posg-1::GFP, a ~2.3 kb genomic fragment upstream the OSG-1 gene containing the open reading frame was amplified by PCR and subcloned into pPD95.75
Fire vector using PstI and BamHI restriction sites. Primers sequences were: AACTGCAGTGTGACTTGGGATCATCGGA CGGGATCCTTGAGCCACAGGGGAGCCAATG from 5' to 3'. The forward primer is listed first.
Strains and transgenic animals
We used the strains listed below which had been previously constructed in our lab or obtained from the CGC: (microinjection (COTELLA et al. 2012) ).
We constructed the strains listed below, by crossing, by microinjection as previously described (integrated transgenic lines were outcrossed four times to remove undesired mutations) (DUAN and SESTI 2013) 
EMS mutagenesis
FDX25 worms were incubated in M9 buffer + 50 mM EMS for four hours with moderate shaking. Then they were washed five times with M9 buffer, placed on growth media and actively moving L4 animals were transferred to a fresh plate where they were allowed to recover and develop into young adults. Single, F2 healthy adults, were isolated and transferred to separate plates and screened for GFP in the ASER neuron (suppression of the lost GFP phenotype) using a SZX7 Olympus microscope equipped with a digital camera and dedicated software. Twenty five mutants were isolated and 22 were discarded for several reasons. The remaining 3 mutants were saved for further analysis.
Mutant ses2509 was used in this study.
Forward Genetic Screen
We mapped the ses2509 mutant allele using the single-nucleotide polymorphism method (DAVIS et al. 2005) . Thus, FDX2509 worms were crossed with CB4856
Hawaiian strain. F2 worms were singled out and screened for the lost GFP phenotype (control) or the suppression of it (test), thus, two groups of 40 animals each were collected. The DNA from the control and the test group were extracted in DNA extraction buffer and screened using 48 pairs of primers listed in (DAVIS et al. 2005) by PCR. This screening led us to locating the mutation in a region of approximately 4 Mb in chromosome III (physical location from 3,359,033 (F45H17) to 7,320,107 (F56C9), Fig. S1 ). We screened this region using, first, an additional set of SNP primers that we designed and which are listed in Table 2 and then, bacterial RNAi (Source Bioscience Lifesciences, CA) of 52 genes comprised in the 0.2 Mb region between S5 and S6 SNPs ( Table 2) .
Age synchronization
Age-synchronization was performed as previously described (DUAN and SESTI 2013) .
Briefly, nematodes were grown in standard 10 cm NGM plates + OP50 E. coli until a large population of gravid adults was reached (3-5 days). The animals were collected in 50 ml Falcon tubes, washed in M9 buffer and treated with 10 volumes of basic hypochlorite solution (0.25 M NaOH, 1% hypochlorite freshly mixed; no significant differences were observed in bleach-free preparations, obtained by isolating laid eggs with SDS/NaOH). Worms were incubated at room temperature for 10 minutes, then the eggs (and carcasses) collected by centrifugation at 400g for 5 minutes at 4 °C, incubated overnight in M9 buffer and seeded on standard NMG plates. The age of the worms was counted starting from seeding day (day 0).
Behavioral assays
Behavioral tests were carried out blind, using age-synchronized worms.
In lost GFP phenotype assays worms were analyzed with a SZX7 Olympus microscope equipped with a digital camera in a dark room (to minimize and maintain invariable background light). A worm had lost its GFP signal when not even the faintest GFP fluorescence could be detected by eye. Representative images are shown in the inset of Fig 1A) .
In loss of sensory dendrite assays, and in the experiments shown in Fig. 6 worms were photographed with a BX61 Olympus microscope and the intensity of the GFP signal was measured using ImageJ1.46 software.
Chemotaxis experiments were carried out as previously described (BIANCHI et al. 2003) .
Briefly, a chunk of agar 0.5-cm in diameter was removed from 10-cm plates and soaked in 0.5 M NH 4 Cl (pH 7.0 with NH 4 OH) for 2 hours. Chunks were put back in the plate overnight to allow equilibration and formation of a gradient. Roughly 20 age-synchronized worms were placed between the test spot and a control spot on the opposite side of the plate. 10 µl of 20 mM NaN3 was placed on both spots. After one hour, animals on the test/control spot were counted, and a chemotaxis index, C.I., calculated as the number of animals at the test spot (N test ) minus the number of animals at the control spot (N Cnt. ), divided by the total number of animals (N). An experiment was carried out with roughly 60 worms/genotype distributed in 3 test plates. To study chemotaxis during aging, experiments were started with ~600-1000 worms per genotype (mean life span ~ 20 days). Worms were examined every day until death and were scored as dead when they were no longer able to move even in response to prodding with a platinum pick. Each day, worms were transferred to a fresh plate containing bacteria.
Thrashing experiments were carried out as previously described (BIANCHI et al. 2003) .
Briefly, worms were picked in a drop of M9 buffer on an agar plate. After 2 min of recovery, thrashes were counted for 1 min. A thrash is defined as a change in the body bend at the mid-body point.
DiD staining
Dye filling experiments were performed as previously described (BIANCHI et al. 2003) .
Briefly, worms were transferred to a plate containing 0.01 mg/ml DiD (Molecular Probes) in M9 buffer and allowed to stain for 2-3 hours at room temperature. Then worms were transferred to a glass cover slip and photographed with an Olympus BX61 microscope equipped with a digital camera.
Bacterial RNAi
RNAi screening was performed as described in (KAMATH et al. 2001) . Briefly, agesynchronized worms were grown in NGM plates containing 25 µg/ml carbenicillin and 1.0 mM IPTG seeded with HT115 double-stranded RNAi synthetizing E. coli.
Statistical analysis
Quantitative data are presented as mean ± standard error of the mean (SEM). The level of significance was calculated using 2-tailed Student's t-test (http://studentsttest.com). Statistical significance was assumed at the 95% confidence threshold.
Results and Discussion
The lost GFP phenotype in transgenic worms expressing Aβ 42 To identify genes that promote loss of neuronal function during aging we followed a discovery driven approach using C. elegans. For these studies, we employed the FDX25 worm that expresses human Aβ 42 -a potent neurodegenerative factor (MATTSON 2004)-in ASE sensory neurons (COTELLA et al. 2012 ). In addition, we labeled the right ASE neuron (ASER) with a specific GFP reporter (P gcy-5 ::GFP) (YU et al. 1997) . Fig. 1A shows the percentage of worms with detectable fluorescence in the ASER neuron as a function of age. Control worms exhibited normally viable and fluorescent ASER neuron. In contrast, ASER fluorescence quickly faded in worms expressing Aβ 42 . We will often refer to this phenotype as the "lost GFP" phenotype.
We previously proposed that the lost GFP phenotype reflects neuronal apoptosis (COTELLA et al. 2012; DUAN and SESTI 2013) . Here, we sought to corroborate this notion by genetic and pharmacological evidence. Thus, knock down of the CED-4 gene which acts upstream many apoptotic pathways in C. elegans (ELLIS and HORVITZ 1986; YUAN and HORVITZ 1992) , ameliorated the lost GFP phenotype (Fig. 1B) . Activation of caspases and cleavage of critical cellular proteins is crucially associated with apoptotic death (ROHN and HEAD 2008; ROHN and HEAD 2009) . In consequence, treatment with generic caspase inhibitor N-(2-Quinolyl)valyl-aspartyl-(2,6-difluorophenoxy)methyl Ketone (Q-VD-Oph), prolonged the life of GFP signals (Fig. 1C) . Q-VD-Oph was more efficient in cultured ASER neurons obtained from embryos (DUAN and SESTI 2013) Fig. 2A) . A forward genetic screen of this mutant by the single nucleotide polymorphisms method, (Fig. S1 ) (DAVIS et al. 2005) mapped to an adenine deletion at position 10187 in the R02F2.2 gene, leading to a premature stop codon in exon 14 (ses2509 allele). R02F2.2 encodes a putative Dbl GEF (Fig. 2B ) which we dubbed OSG-1. To confirm that OSG-1 is responsible for the partial suppression of the lost GFP phenotype in worms expressing Aβ 42 peptide, we knocked down this gene by RNAi producing bacteria (KAMATH et al. 2001) . As expected, GFP signals lasted longer in worms subjected to OSG-1 RNAi (Fig. 2C) . We obtained a OSG-1 knock out (KO) worm from the Caenorhabditis Genetic Center. We expressed Aβ 42 and GFP in OSG-1 KO worms (FDX2531 strain) by crossing them with FDX25 worms. Consistent with results obtained using RNAi, genetic ablation of OSG-1 led to a significant suppression of the lost GFP phenotype (Fig 2C) . In fact, the time course of GFP fluorescence in worms subjected to OSG-1 knock out or knock down, recapitulated the phenotype of the FDX2509 mutant worm, that is, the one that harbors the ses2509 allele (compare Fig 2A with Fig. 2C) . Further, OSG-1 RNAi in control worms, that express GFP but not Aβ 42 (FDX2512), had no effect on the duration of the GFP signal (data not shown). Results pertaining to FDX2532 worms in Fig 2C are discussed below. OSG-1 is expressed in neurons and muscle. We determined the expression pattern 3A-3B). P osg-1 ::GFP expression was also detected in the ASE neurons whose identification was confirmed by DiD dye staining (Fig. 3C . Note that the fluorescence in head muscle partially masked that in the ASE neurons). ASE neurons are extensively characterized (BARGMANN and MORI 1997) , and therefore provided an excellent system to study OSG-1.
OSG-1 KO worms are normally viable OSG-1 KO worms underwent normal development and were normal in size (Fig. S2A) and brood (not shown). Mutations in body walls muscle genes can give rise to Pat (paralyzed arrested at 2-fold) or Unc (uncoordinated) phenotypes, but we did not detect these defects in OSG-1 KO worms.
Indeed they exhibited normal locomotion behavior (movies N2.4d and OSG.4d) and this impression was corroborated by counting thrashes (Fig. 3D) . Most importantly, we could not detect any morphological abnormality in the ASER neuron of OSG-1 KO animals (Fig. 3E ). These observations seem to indicate that OSG-1 is not obviously required for development.
OSG-1 activates a RHO-1 GTPase signaling network The predicted primary structure of OSG-1 (Fig 2A) , places this gene in the Dbl family of GEFs that endow Rho GTPases. The Rho family is conserved in C. elegans (Table 1 ) and these GTPases are expressed in ASE neurons (CHEN and LIM 1994; LUNDQUIST 2006) . Therefore, to determine whether OSG-1 can interact with Rho GTPases, as predicted by sequence analysis, we individually knocked down these genes by bacterial RNAi. The ability to turn ON/OFF RNAi at any desired age by feeding C. elegans with RNAi producing bacteria was a crucial asset to these experiments, because eliminating GTPase activities too early disrupts embryogenesis (SPENCER et al. 2001) . Indeed, RHO-1 or CED42 RNAi treatment from day 0 was lethal (data not shown). Worms survived triple RAC-2/CED-10/MIG-2 RNAi (these GTPases function redundantly (LUNDQUIST et al. 2001 )) but they where Unc, egg laying defective (Egl) and had a dumpy (Dpy) body shape (data not shown). Accordingly, the data shown in Fig. 4 were obtained by subjecting the worms to a bacterial RNAi diet after day 4. Thus, the RHO-1 knock down, individually (Fig. 4A) or together with OSG-1 (Fig. 4C ), led to a significant suppression of the lost GFP phenotype. In contrast, RNAi of the other Rho GTPases listed in Table   1 , including triple RAC-2/CED-10/MIG-2 RNAi, had little effect on the duration of GFP signals ( Fig. 4B . Triple RAC-2/CED-10/MIG-2 not shown). Most importantly, the double OSG-1/RHO-1 RNAi was not additive, consistent with the notion that OSG-1 activates RHO-1. Dysregulated RHO-1 activity may affect actin-binding proteins (ABS), such as the Arp2/3 complex, and consequently induce dendritic loss and apoptosis by shifting the relative fractions of G-actin and F-actin (reviewed in (DESOUZA et al. 2012) ). Accordingly, when subunits ARX-3 and ARX-5, orthologs of human Arp2/3 subunit 1A and subunit 3, respectively (Table 1) (ROH-JOHNSON and GOLDSTEIN 2009; SAWA et al. 2003; SHAYE and GREENWALD 2011) , were knocked down, the lost GFP phenotype was ameliorated (Fig. 4A, ARX-3 not shown) . Double knock down of ARX-5 and OSG-1 and of ARX-5 and RHO-1 gave similar results and were not additive (Fig. 4C) , suggesting that OSG-1 promotes loss of neuronal function by altering actin dynamics via its interaction with RHO-1.
OSG-1 mediates loss of GFP signal in the sensory dendrite via RHO-1 and ARX2/3 complex activation In mammalian neurons Rho-mediated alterations in actin dynamics
begin with loss of spines and as this process continues, can end with apoptosis (reviewed in (TOLIAS et al. 2011) ). Also C. elegans Rho GTPases control actin dynamics (LUNDQUIST 2006). Therefore we asked whether the GFP signal would begin to fade in the sensory dendrite of the ASER neuron and whether OSG-1 would affect this process via its interaction with RHO-1. Thus the loss of GFP signal in the sensory dendrite was markedly enhanced in worms expressing Aβ 42 (FDX25) compared to control worms (FDX2512, Fig. 5 ). This loss was delayed in FDX25 worms subjected to either OSG-1 or RHO-1 RNAi as well as in the FDX2509 mutant that bears a premature stop codon in the OSG-1 gene. Moreover, when subunits ARX-3 and ARX-5 were knocked down, the loss of GFP in the sensory dendrite was markedly reduced (Fig. 5. ARX-3 , not shown).
OSG-1 and oxidative stress are tightly linked Aβ oligomers cause oxidative damage through multiple mechanisms and pathways that are conserved to a considerable extent between mammalian and C. elegans neurons (BUTTERFIELD and LAUDERBACK 2002; WU et al. 2006) . Indeed, the lost GFP phenotype was mitigated in the age-1 background (Fig 2C, FDX2532) , which is rich in antioxidant defenses (LARSEN 1993) , suggesting that oxidative stress is one of the routes through which Aβ 42 induces toxicity in ASE neurons (WU et al. 2006) . Based on these results, we speculated that the driving force behind the activation of OSG-1 was oxidative stress. In a first approach, young 7-day old worms were soaked in a solution containing 1.0 mM hydrogen peroxide (H 2 O 2 ) for 20 minutes and scored for GFP fluorescence in the ASER neuron three days later. This treatment induced a robust decrease in the intensity of the GFP signal in control ( Fig.   6A and Fig. S2B ), whereas in OSG-1 KO background, decrease was significantly attenuated (Fig. 6A . To maintain equal levels of GFP expression, OSG-1 KO and the other strains in Fig. 6 were crossed with FDX2512). Abnormal amounts of reactive oxygen species (ROS) can be induced in C. elegans by genetic manipulation. For example, the TK22 mutant worm is subjected to oxidative stress and has a shorter lifespan, due to a mutation deletion in cytochrome b (mev-1) in mitochondrial respiratory chain complex II (ISHII et al. 1998; ISHII et al. 2004; ISHII et al. 1990 ). Accordingly, GFP intensity at baseline was diminished in 10-day old TK22 background compared to control ( Fig. 6B and Fig. S2C ). However, 3-day OSG-1 RNAi (from day 7 to day 10) which was too mild to exert appreciable effects on control worms (FDX2512), was sufficient to partially rescue the loss of GFP signal in TK22 worms. Moreover, GFP intensity was stronger in the age-1 genotype compared to control and was not affected by OSG-1 RNAi (Fig. 6B and Fig. S2C ). We further speculated that since oxidative stress naturally increases in neurons during aging, the intensity of GFP signals should decrease in old worms and suppression of OSG-1 should mitigate this decline. Indeed, whereas GFP intensity gradually decreased in aging worms, this decline was significantly attenuated in OSG-1 KO worms (Fig. 6C) . It must be noted that there is no contradiction between these results and those in Fig. 1A where all FDX2512 control worms had fluorescent ASER neurons, because different experimental methodologies were used. In lost GFP phenotype assays, we counted the number of worms that had lost the GFP signal. In contrast, in aging assays we measured changes in the intensity of the GFP signal. Thus in lost GFP phenotype assays, changes in GFP intensity were not taken into account as long as the signal was detectable.
OSG-1 promotes loss of ASE function during aging C. elegans uses chemotaxis to
perform a number of vital functions, including searching for food, avoiding toxic substances, and mating (BARGMANN and MORI 1997) . The ASE neurons play an important role in the chemosensory activities of the worm by mediating the animal's attraction for salts, vitamins, amino acids, etc. (chemotaxis to water-soluble attractants), by-products of bacterial metabolism. ASE neurons function is commonly assessed in chemotaxis assays, which give a measure of the ability of the worms to track to the point source of a test attractant (BARGMANN and HORVITZ 1991; BARGMANN and MORI 1997) . Thus, Fig. 7A shows chemotaxis to chloride (ASER is primarily sensitive to this anion (PIERCE-SHIMOMURA et al. 2001) ) in young worms that had been subjected to a 1.0 mM H 2 O 2 oxidative insult the day before. Similar to its effects on GFP signal (Fig.   6B ), H 2 O 2 treatment induced a significant decline in the chemosensory response of the worms and this decline was ameliorated in OSG-1 OK worms. Moreover, chemotaxis was impaired in the TK22 genotype, and this impairment could be partially suppressed by knocking down OSG-1 (Fig. 7B) . We and others, previously showed that oxidative stress contributes to the decline of chemotaxis in aging worms (CAI and SESTI 2009; MAGLIONI et al. 2014; MINNITI et al. 2009; WU et al. 2006 ). Therefore we speculated that if OSG-1 is activated in conditions of oxidative stress, chemotaxis should improve in aging worms lacking this gene. As expected, whereas aging worms gradually lost the ability to track chloride, OSG-1 KO worms performed significantly better (Fig. 7C) .
Defects in locomotion behavior may affect chemotaxis in aging worms. However worms appeared to move normally and no differences in the speeds of control and OSG-1 KO worms could be detected (movies N2.12d and OSG.12d). To corroborate these qualitative impressions we assessed muscle contractility by counting thrashes. In agreement with previous reports (CAI and SESTI 2009; MAGLIONI et al. 2014 ) the number of thrashes moderately decreased during the first 12 days of life, a period of time in which loss of chemosensory function was almost complete (compare Fig. 7C with Fig.   7D ). The decrease was similar in both genotypes suggesting that deficits in locomotion behavior could only marginally affect chemotaxis. However, contractility begun to sharply decline in late life. At day 16th loss was significantly more marked in OSG-1 KO worms than in N2 worms. Together, these results corroborate the notion that in C.
elegans, like in mammals, sensory function declines faster than muscle function (LIU et al. 2013; MAGLIONI et al. 2014) and may further imply that OSG-1 plays a role in the aging muscle. However, there is no evidence that the conditions of oxidative stress that lead to OSG-1 recruitment in neurons are also present in muscle cells. In this study we did not attempt to elucidate the mechanisms through which oxidative stress leads to activation of OSG-1. This will require a significant effort and will be the matter of a separate study.
OSG-1 has not effect on lifespan
The amphid sensory neurons contribute to the regulation of the lifespan of C. elegans through complex mechanisms (ALCEDO and KENYON 2004; APFELD and KENYON 1999) . The fact OSG-1 is expressed in ASE neurons and is activated during aging argues that OSG-1 might affect lifespan (we assume that low level expression elsewhere, below the limit of detection, is absent). However, OSG-1 KO worms exhibited both normal mean lifespan at 20 °C (20.7±0.5 days and 20.2±0.4 days for N2 and OSG-1 KO worms respectively, Fig. S3A ) and maximal lifespan (27.0±0.5 days and 27.3±0.7 days for N2 and OSG-1 respectively, Fig. S3C ). Moreover, egg-laying, a phenotype that has been linked to increases in lifespan in C. elegans (KENYON 1997) was normal in the OSG-1 KO worm (not shown). We conclude that OSG-1 does not contribute to the regulation of lifespan in C. elegans.
The nervous system of C. elegans undergoes several age-dependent morphological and functional changes including cytoskeletal disorganization, axon beading, defasciculation, deteriorations in synaptic transmission and neurite branching (LIU et al. 2013; PAN et al. 2011; TANK et al. 2011; TOTH et al. 2012) and the results of this study add new insight by implicating Rho signaling in neuronal aging. In particular, the actin cytoskeleton appears to be one of the targets of OSG-1/RHO-1 as evidenced by the fact that knock down of ARX-3 and ARX-5 alone or with RHO-1 or with OSG-1 ameliorated the loss of GFP signal in the ASER neuron in a non-additive fashion.
Furthermore, the premature stop codon in the ses2509 mutant allele is located in the WD-40 domain, which can promote GEF binding to actin filaments (LI and ROBERTS 2001) . Based on these considerations it is likely that OSG-1 activity causes loss of sensory dendrite and apoptosis in aging animals. A number of studies, primarily in yeast, have shown that the formation of aggregates of F-actin-as a result of actin dynamics slowdown-correlates with apoptosis (reviewed in (GOURLAY and AYSCOUGH 2005a) ). For example, pharmacological agents that stabilize actin turnover enhance apoptotic death. In yeast, genetic manipulation of genes that control the formation of actin aggregates, such as act1-157 and Δscp1 results in decreased levels of ROS and longer lifespan. Shifts in apoptosis rates can similarly be obtained by interfering with actin regulatory proteins such as Gelsolin and Cofilin. The mechanisms by which F-actin aggregates promote apoptosis are subjected to intense investigation. The current model predicts that they indirectly induce oxidative stress and apoptosis by targeting and destabilizing mitochondria (GOURLAY and AYSCOUGH 2005a) . This body of evidence lead us to propose that OSG-1 induces apoptosis by leading to stabilization of actin turnover, via dysregulated RHO-1 activity. Further studies will rigorously test this model.
OSG-1 has a human homolog, ARHGEF10, which is widely expressed in the brain and which has been linked to a number of neuronal pathologies (MATSUSHITA et al. 2010; RANTA et al. 1997; TAHVANAINEN et al. 1994; VERHOEVEN et al. 2003) . Our findings may imply that ARHGEF10 as well as other GEFs might be implicated in aging and in neurodegenerative conditions characterized by extensive oxidative stress such as In summary our studies underscore a novel mechanism of functional aging. This mechanism involves Rho signaling and is unique in that is initiated by a GEF which appears to be specifically activated in response to conditions of oxidative stress. While our results support a leading role for Rho GTPases in the aging process they also raise many questions. For example, through which molecular mechanisms oxidative stress leads to OSG-1 activation? How does OSG-1 activity impact the actin cytoskeleton? Homologies and blast E-values were taken from www.wormbase.org/. E-blast value ≤ 1e-4 is commonly accepted as a good match. (FDX25. The fluorescent line in the middle is the pharyngeal duct).
Fig 7 OSG-1 accelerates loss of ASE function during aging
A) Chemotaxis to Cl -in 5-day old N2 or OSG-1 KO worms and in 5-day old N2 or OSG-
